Site-characterization studies at the Waste Isolation Pilot Plant (IYIPP) site in southeastern New Mexico, USA identified ground-water flow in the Culebra Dolomite Member of the Rustler Formation as the most likely geologic pathway for radionuclide transport to the accessible environment in the event of a breach of the I W P repository through inadvertent human intrusion. The Culebra is a 7-m-thick, variably fractured dolomite with massive and v u g 3 layers. In the 198Os, a series of tracer tests was performed in the Culebra to identify important transport mechanisms and quantify transport parameters for use in a preliminary performance assessment (PA) of the W P P site.
The results of recent tracer tests, as well as hydraulic tests, laboratory measurements, and reexamination of Cuelbra geolog and stratigraphy, have led to a significant refinement of the conceptual model for transport in the Culebra. The Culebra was previously conceptualized as a medium where advection was only through fractures with diffusion into a relatively homogeneous rock matrix. The Culebra is now conceptualized as a heterogeneous medium with multiple scales of porosity. Tracer test results and geologic observations suggest that flow occurs within fractures, and to some extent within interparticle porosity and vugs connected by microfractures. Diffusion occurs within all connected porosity. Numerical simuIations suggest that the data from the tracer tests cannot be simulated with heterogeneous single-porosity models; significant matrix diffusion appears to be required. The low permeability and lack of significant tracer recovery from tracers injected into the upper Culebra suggest that transport primarily occurs in the lower Culebra.
The success of the recent tracer tests in refining the conceptual model of Culebra transport was due to extensive interactions between modellers and experimenters prior to and during the tests.
The test design was the direct result of interpretations of past tests and was continuously refined during the tests as additional insight was gained from evaluation and interpretation of new data. This step-wise approach was valuable for designing a robust test, but the approach could be improved by adopting an even more evolutionary strategy over a longer time frame. 
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Introduction
The Waste Isolation Pilot Plant (WIPP) is a proposed repository for transuranic wastes constructed in bedded Permian-age halite deposits in southeastern New Mexico, USA. Sitecharacterization studies at the WIPP site identified ground-water flow in the Culebra Dolomite hkmber of the Rustler Formation as the most likely geologic pathway for radionuclide transport to the accessible environment in the event of a breach of the W P P repository through inadvertent human intrusion. The Culebra is a 7-m-thick, variably fractured dolomite with massive and v u g g layers.
Between 1980 and 1988, tracer tests were performed in the Culebra at five locations (H-2, H-3, H4, H-6, and H-1 I hydropads) to identify important transport processes and mechanisms, and to quantify transport parameters. The information derived from these tests was used in preliminary performance assessments (PA) of the WIPP and was presented to numerous review and reslatory groups, including the International Project to Study Validation of Geosphere Transport (IhTRAVAL), the US. National Academy of Sciences, the U.S. Environmental Protection Agency (EPA), and the New h4exico Environmental Evaluation Group (EEG). Comments received from these s o u p s indicated the need for additiona1 tracer tests to distinguish among possible alternative conceptual models, define transport processes and parameters more definitively, and develop a defensibly conservative simplified model of transport for PA. Through extensive interactions with these review goups and other interested scientists, a plan for tracer testing at a new test site, the H-19 hydropad, was developed. Based on the results of preliminary tests at H-19, additional testing was planned and performed at the H-11 hydropad to resolve questions associated with tests previously conducted at that location. Beauheim et al. [l] describe the rationale for additional experiments in greater detail.
The objectives of the new experiments were to test important features of the transport models used to interpret the previous tests, further evaluate transport processes in the Culebra, and provide quantitative estimates of important transport parameters. This new information was to be combined with the information derived from previous tracer tests and laboratory tests (e.g., porosity measurements, batch tests, etc.) to develop both a transport model and parameter ranges for use in PA. The initid Culebra transport model was based on interpretations of previous tracer tests performed at the H-3, H-6, and H-1 I hydropads. These interpretations were based on a double-porosity model in which advective transport occurred through uniformly spaced fractures (constant matrix block size), with physical retardation provided by diffusion from the fractures into cubic matrix blocks, and directional differences in transport were caused by anisotropy in permeability. The new tests were designed to evaluate the assumptions used in this transport model. Specifically, the tests should demonstrate whether matrix diffusion occurs in the Culebra, whether an idealized fracture-matrix geometry was adequate to model test results, whether anisotropy alone could account for directional differences in transport, and the effect that layering has on transport within the Culebra.
Three elements in the design of the new tests were focused on the demonstration of matrix diffusion. First, single-well injection-withdrawal (SWIW) tracer tests were planned that were expected to distinguish clearly between the effects of matrix diffusion and heterogeneity in permeability. Second, tracer injections were to be repeated in convergent-flow tests performed at different pumping rates to show the effects of advective residence time on diffusion. Third, two different conservative tracers having different free-water diffusion coefficients were to be injected together in a convergent-flow tracer test to show the effects of different amounts of diffusion. See Beauheim et al. [ 11 for a discussion of pre-test calculations for these three design elements.
Results of Recent Tests
Testing began at the H-19 hydropad in June 1995 with SwnV and preliminary convergentflow tests after wells H-19b0, b3, b3, and b l had been completed (Figure 1) of tests performed after all seven wells had been completed, as well as to the decision to perform additional tests at the previously tested H-11 hydropad (Figuure.2) where significantly faster transport had been observed. Conducting a simpler and shorter preliminary tracer test prior to the subsequent complicated and lengthy tracer test provided valuable information for refinement of test design, refinement of conceptual models, and provided a 'dry run' for testing equipment and procedures used in the field and laboratory.
Starting in October 1995, hydraulic tests were performed in the seven wells at the H-19 hydropad. These tests revealed that the penneabiIity of the upper portion of the Culebra was significantly lower than that of the lower Culebra at this site [ 11. The information obtained from the hydraulic tests was used to refine the tracer-test design. Tracer testing resumed at H-19 in December 1995, with a S\VW test of the lower Culebra followed by convergent-flow testing with tracer injections in six wells. At three wells, tracers were injected into both the entire thickness of the Culebra and into upper and lower portions of the Culebra. Some of the flow paths were tested again beginning in February 1996 after the pumping rate had been reduced. Testing at H-I1 began in February 1996 and consisted of a SwrW test over the entire thickness of Culebra, followed by convergent-flow tests involving two injection wells and two pumping rates. The data from the breakthrough curves and subsequent modelling results (e.g. the large advective porosities that appear to be necessary to model the tracer breakhrough data from H-19) motivated refinement of the conceptualization of transport in the Culebra. Through careful reexamination of the geology and stratigraphy of the Culebra, a more thorough conceptualization has been developed of the important processes that control transport. The Culebra has non-uniform properties both horizontally and vertically as was demonstrated by both hydraulic and tracer tests. The low permeability and lack of significant tracer recovery from injections into the upper portion of the Culebra suggest that transport primarily occurs in the lower Culebra. Multiple scales of porosity exist within the Culebra, including fractures ranging from microscale to large, vuggy zones, intercrystalline, interparticle and intraparticle porosity (Figre 5). Laboratory (core plug) measurements of porosity of the Culebra yield values between 0.03 to 0.30 (median of 0.16), which indicates that there is significant porosity for advection and diffusion. Tracer test results and geological observations suggest flow can occur within fractures, and to some extent within interparticle porosity and vugs where they are connected by fractures. Diffusion occurs within all connected porosity and will be the dominant transport mechanism in relatively low permeability portions of the formation. The variation in peak airival times in tracer-breakthrough curves between the H-I 1 and the H-19 hydropads suggests that the types of porosity contributing to rapid advective transport may vary spatially.
Numerical Simulations of Tracer-Test Data
Interpretations of the tracer-test data completed to date have relied on both homogeneous and heterogeneous single-and double-porosity continuum models. In the double-porosity models, the Culebra is conceptualized as two continua: the advective porosity (fractures, vugs, and possibly interparticle porosity) where flow is the dominant process and the diffusive porosity (all other connected porosity) where diffusion is the dominant process. Spatial variations in advective transport are represented in numerical simulations of tracer-test data with unconditioned, spatially correlated, random hydraulic conductivity fields. Diffusive transport was simulated with double-porosity models using both a single rate of diffusion (which conceptualizes diffusion as a homogeneous process) and multiple rates of diffusion (which conceptualizes the diffusive porosity as heterogeneous). The multi- rate model employed [2] represents the heterogeneities in block size (surface area for diffusion and diffusion distance) and the tortuous nature of the pore structure with a distribution of diffusion rates ( Figure 6 ).
Interpretations completed to date have shown that the SWlW test data from both the H-11 and H-I9 hydropads cannot be explained by heterogeneity in hydraulic conductivity alone. Simulations of cumulative mass recovery during the withdrawal phase of the tracer test with homogeneous and heterogeneous single-porosity models suggest that mass recovery for these conceptual models should be very rapid. Figure 7 shows the mass recovery from the H-1 1 SWIW test compared to heterogeneous single-and double-porosity simulations. The H-1 1 (and H-19) Figure  8 ). If matrix blocks are small and the solute diffuses to the centre of the block, the diffusion rate will decrease and the late-time slope will steepen. The late-time slope of the data from the H-11 and two H-19 S W V tests was approximately -3 2 rather than -312. An excellent fit to the data can be obtained using the multi-rate diffusion model that incorporates a statistical distribution of mass transfer rates. Figure 9 shows fits to both the H-11 and H-19 S % W test data with the multi-rate model. Figure  10 shows the distributions of diffusion rates that were used to match the data in Figure 9 . For these distributions, if tortuosity is assumed to be constant at 0.1, the mean block sizes would be 0.03 m and 0.006 m for the H-11 and H-19 simulations, respectively. These diffusion rate distributions cannot be considered to represent unique solutions because equally good fits could be obtained using different values of advective and diffusive porosity that would produce somewhat different distributions. 
Multirate Diffusion
The multi-we11 convergent-flow data also appear to exhibit evidence of heterogeneity and matrix diffusion. Preliminary attempts to match the convergentflow data with a single anisotropy were unsuccessful. Heterogeneity, as opposed to simple anisotropy, appears to be required to capture the variations in the six tracertest breakthrough curves. Numerical simulations of tracer-test data with heterogeneous single and doubleporosity models suggested that the data cannot be adequately modelled without matrix diffusion ( Figure  1 I) . Heterogeneous single-porosity models cannot simultaneously match the magnitude of the peak Schematic of doubleporosity models. Single-rate diffusion models have a constant matrix block size (Le., surface area for diffusion and diffusion distance) and constant tortuosity (tortuous nature of 'matrix' pores). Multiple rate diffusion models have a distribution of diffusion rates attributed to variations in matrix block size and tortuosity.
concentration and peak arrival time. Heterogeneous single-rate double-porosity models can match individual breakthrough curves quite well. However, when the parameters used to match data from the high pumping rate (0.27 L/s) are used to simulate the breakthrough curve for the low pumping rate (0.16 Us), the match is not satisfactory (Figure 12 ). With a single-rate double-porosity model with a given pumping rate, as matrix block size decreases, peak heights gadually first decrease and then increase ( Figure 13 ). The increase in peak height occurs as a result of solute diffusion reaching the centre of the matrix block, which causes a decrease in the concentration gradient and, therefore, a decrease in the diffusion rate. As a result, peak heights will not always be lower for lower pumping rates. Simulations have shown that a model with multiple rates of diffusion can produce peak heights that are similar for the two pumping rates used for the H-19 testing (Figure 14) . . Simulated m a s recovery curves for H-11 SM'IW test with single-porosity and doubleporosity models compared to observed data. For the simuiations, the heterogeneous field of hydrauIic conductivity had a standard deiiation (0) in natural log space of 1.8 mls and a n exponential model with a correlation length (1.) of 1.0 m. The data collected from recent tracer tests and numerical simulations to date have led to a sipificant refinement of the conceptual model of the Culebra. Numerical simulations of the multiwell convergent-flow and SWIW tests suggest that the data cannot be simulated with heterogeneous single-porosity models; significant matrix diffusion appears to be required. Numerical simulations of the multi-well tracer tests suggest that advective transport is not limited to fractures and that there is significant variation in advective porosity across the WIPP site.
Discussion
For the larger-scale simulations conducted for PA, spatial variability in advective transport is represented by heterogeneous transmissivity fields that have been conditioned on available point transmissivity data and transient pressure data from large scale pumping tests. In the PA calculations, the lower permeability of the upper portion of the Culebra has been approximated by eliminating this portion of the Culebra from the transport model. Numerical simulations of tracer test data were used to bound transport parameters for use in PA models. Possible spatial variability in transport properties (diffusion and sorption rates) has not been treated explicitly in the PA model to date. Attempts have been made to take this variability into account by providing P.4 with conservative ranges of values for transport parameters @e., values that could lead to greater releases than expected).
Tracer tests appear to be well suited for providing insight into the important processes that are operative at a given site and for testing conceptual models. For example, the mass-recoveq curve from the SWIW test appears to be well suited to evaluating the importance of diffusive processes. Complex tests are valuable for evaluating conceptual models. A clear conceptual model that incorporates the tracer test results with what is understood about the geology and stratigraphy at the PA scale is important if tracer test results are to be used to provide transport properties over a much larger region. Tracer tests will always have limitations: they cannot directly test the materials for the lengh and time scales of interest for PA calculations. Thus, one must evaluate whether alternative conceptual models can explain the data, particularly if different conceptual models would lead to different results at the PA scale.
The success of the recent tracer tests in refining the conceptual model of Culebra transport were the result of extensive interaction between the modellers and the experimenters prior to and during the tests. The details of the d e s i p were continuously refined during the tests as additional insight was gained from evaluation and interpretation of new data. The iterative evaluation of test data was especially important for such test-design features as injection into different layers of the Culebra and the selection of different pumping rates.
The testing approach used could be improved by adopting a more evolutionary strategy over a longer time frame. The step-wise strategy that was used, which included conducting a preliminary tracer test prior to completion of all wells, was very valuable for developing a robust tracer-test design. Ideally, field testing would begin after only one or a very few wells were installed. The early tests would be completely interpreted before plans for additional wells and tests were finalized. In parallel with field tests, detailed laboratory tests would be performed. The laboratory tests would provide a controlled environment for testing rock diffusion and sorption properties. The later field tests and well locations would be designed to address questions/ambiguities raised by the early tests in both the field and lab. New modeishypotheses raised by the new tests would be evaluated through tests at other locations. D e s i 3 of new tests would be well integrated with ongoing laboratory programs. Sorbing tracers would be added to the programme at a late stage to evaluate conclusions reached from laboratory testing. Specific experimental enhancements would include increasing the contrasts in pumping rates and possibly tracer diffusion coefficients, improved control over rates/pressures of tracer injection to allow interpretation of hydraulic responses, and development of a 
Summary
Extensive interactions between experimenters and modellers resulted in a robust test design, which lead to significant refinement in the conceptual model for transport in the Culebra. Based on hydraulic tests, tracer tests, and geologic descriptions, the Culebra is now conceptualized as a heteroeeneous medium with multiple scales of porosity. The low permeability and lack of significant tracer recovery from tracers injected into the upper Culebra suggest that transport primarily occurs in the lower Culebra. The tracer test data provide evidence that transport is not limited to fractures. Numerical simulations of the multi-well convergent-flow tracer test suggest that advective transport is not limited to fractures. Advection also appears to occur to some extent through interparticle porosity and w_rs connected by microfractures. Numerical simulations of the multi-well and SWnV tests sugzest that the data cannot be simulated with heterogeneous single-porosity models; significant matrix diffusion appears to be required. Numerical simulations of the tracer test data with this refined conceptual model were used to bound transport parameters for use in PA models.
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